study question: Is there a relationship between the occurrence of specific segregation modes and the production of additional numerical abnormalities in spermatozoa from reciprocal translocation carriers? study answer: The production of aneuploid and diploid spermatozoa tends to be associated with an unbalanced segregation outcome of the rearranged chromosomes.
Introduction
Balanced reciprocal translocations are one of the most common structural chromosome abnormalities found in the general population. The incidence in newborns is 0.2%, but when focusing on the infertile male population, this incidence increases up to 0.6% (reviewed by Mau-Holzmann, 2005) . Balanced reciprocal translocations involve the interchange of genetic material between chromosomes, without gain or loss of genetic information. Accordingly, the great majority of carriers do not show phenotypic effects but they might have fertility problems, mainly as a consequence of meiotic disturbances caused by the presence of the reorganization. In particular, carriers of reciprocal translocations have an increased risk of pregnancy loss or transmitting chromosomal abnormalities to their offspring because of the production of a higher number of unbalanced spermatozoa. They mainly result from two events: the unbalanced segregation during meiosis of the chromosomes involved in the translocation and the occurrence of an interchromosomal effect (ICE) .
During the pachytene stage of prophase I, the four chromosomes involved in the reorganization form a structure called quadrivalent that allows the pairing of the homologous regions. This process is linked to the correct establishment of chiasmata, which hold the chromosomes together until the metaphase I transition. At anaphase I, this structure may segregate according to five theoretical modes ( Fig. 1) : alternate and adjacent I segregation modes involve a 2:2 disjunction of homologous centromeres to opposite poles. Instead, when any homologous centromeres migrate to the same pole, the possible segregation modes are adjacent II (2:2 disjunction), 3:1 or 4:0 disjunctions. Although the formation of interstitial chiasmata would modify the genotype of the products (Armstrong and Hultén, 1998) , there is the widespread assumption that the 2:2 alternate segregation leads to the formation of normal or balanced gametes, while the other segregation modes produce an unbalanced content.
In the literature there are over 100 FISH-based analyses in spermatozoa assessing the production of balanced and unbalanced gametes in reciprocal translocation carriers, as well as describing the distribution of the different segregation modes. There is quite a wide range of unbalanced gamete frequencies described: 56 -59% (reviewed by Shi and Martin, 2001) , 19-80% (reviewed by Morel et al., 2004) or 37 -91% (reviewed by Martin, 2008) . Classically, this heterogeneity has been ascribed to the particular cytogenetic features of each reciprocal translocation. Nevertheless, with the exception of some particular differences reported regarding increases of 2:2 adjacent II or 3:1 segregations (Martini et al., 1998; Estop et al., 1999; Van Assche et al., 1999; Geneix et al., 2002; Escudero et al., 2003; Rives et al., 2003; Brugnon et al., 2006) , frequencies concerning each segregation mode mostly agree with a general segregation pattern characterized by a prevalence of the 2:2 alternate segregation followed by the 2:2 adjacent I, 2:2 adjacent II, 3:1 and 4:0 Anton et al., 2008; Nishikawa et al., 2008; Vozdova et al., 2008; Perrin et al., 2009; Mokánszki et al., 2012) .
The second major cause for the production of chromosomally unbalanced spermatozoa in reciprocal translocation carriers is the occurrence of ICE. This phenomenon consists of meiotic disturbances produced by the rearrangement in the proper pairing and disjunction of other chromosomes (Lejeune, 1963; Burgoyne et al., 2009) . Therefore, ICE might entail a significant increase in chromosomal numerical abnormalities in the resulting spermatozoa. The underlying mechanisms of this phenomenon occur during the pachytene stage of meiotic prophase I. It has been described that when searching for homologous pairing, the rearranged chromosomes involved in the quadrivalent may present asynaptic regions (Chandley et al., 1986; Gabriel-Robez et al., 1986; Johanisson et al., 1987; Yu et al., 1995; Oliver-Bonet et al., 2005; Pigozzi et al., 2005; Sciurano et al., 2007; Ferguson et al., 2008; Leng et al., 2009; Sciurano et al., 2011) . In order to overcome the pachytene checkpoint and avoid spermatocyte apoptosis (Sciurano et al., 2007) , these structures can heterosynapse with other bivalents. Some meiotic studies in male germ cells, based on the immunolabelling of meiotic proteins, have reported a significant increase in synaptic anomalies in the pachytene-stage quadrivalent, either near the breakpoints or at the terminal regions (Chandley et al., 1986; Pigozzi et al., 2005) . They have also observed frequent associations of the quadrivalent with the sex vesicle and other autosomal bivalents Sciurano et al., 2007; Ferguson et al., 2008; Leng et al., 2009; Sciurano et al., 2011) . This heterosynapsis has been related to an increased non-disjunction of the affected chromosomes at anaphase I Leng et al., 2009) . Chromosome imbalances in sperm from reciprocal translocation carriers
The studies carried out in spermatozoa support this hypothesis, as a positive ICE has been detected in 43.9% (29/66) of the reciprocal translocation carriers analysed by sperm-FISH (reviewed by Anton et al., 2011) .
So far, the possible outcome of heterosynapsis has only been associated with an increased production of numerical abnormalities for chromosomes not involved in the reorganization. There are no studies considering whether heterosynapsis can also affect the segregation of the rearranged chromosomes. Segregation and ICE studies are usually carried out independently (in different sperm nuclei) by means of the sperm FISH technique and so it has not been possible to establish a relationship between the outcome of both events. To overcome this limitation, we have designed an approach consisting of a sequential FISH protocol that allows one to perform both ICE and segregation analysis in the same sperm nuclei.
In this context, the aim of this study is to evaluate if there is any relationship between the occurrence of specific segregation modes of the quadrivalent and the presence of numerical abnormalities for noninvolved chromosomes in the same spermatozoa. This will contribute to our knowledge regarding the production of gametes with accumulated imbalances in reciprocal translocation carriers and, thus, in the assessment of their genetic reproductive risk.
Materials and Methods

Biological samples
This study was carried out in semen samples from eight different reciprocal translocation carriers (P1 -P8; specific karyotypes are detailed in Table I ). These individuals were selected for displaying significant increased taxes of spermatozoa with numerical chromosome abnormalities in a preliminary aneuploidy/diploidy screening (data not shown). This preselection allowed us to obtain larger populations of aneuploid and diploid spermatozoa for further analysis of segregation content. All carriers gave their informed consent to participate in the study, which was approved by our Institutional Ethics Committee.
Sperm FISH
Semen samples were processed for FISH as described by Sarrate and Anton (2009) . Briefly, the methodology includes sperm fixation in methanol:acetic acid (3:1), manual cell spreading on slides, chromatin decondensation in 5 mM DTT (dithiothreitol), denaturalization in 70% formamide and probe hybridization.
Slides were analysed by a sequential sperm-FISH protocol consisting of two successive rounds of hybridization and a washing off of the probes between rounds. In the first hybridization round, two parallel ICE studies were performed using the AneuVysion Multicolor DNA Probe Kit (Abbott Molecular Inc., Des Plaines, IL, USA), which consists in two probe mixtures. One of them is a triple-color FISH that allows the assessment of diploidy and aneuploidy rates for chromosomes 18, X, Y using the centromeric probes CEP18 (D18Z1, Spectrum Aqua), CEPX (DXZ1, Spectrum Green) and CEPY (DYZ3, Spectrum Orange). The other one is a dual-color FISH that allows the analysis of diploidy and aneuploidy rates for chromosomes 13 and 21 by means of the locus-specific probes LSI 13 (13q14, Spectrum Green) and LSI 21 (21q22.13 -21q22.2, Spectrum Orange).
FISH signals were washed off in high astringency conditions (5 min in 0.0625 × SSC, 738C). After that, a second hybridization round was carried out on the same slides in order to perform the segregation study of the aneuploid and diploid spermatozoa detected by each kit. For this purpose, a combination of specific probes for each reciprocal translocation was used (Table I) , which allowed the identification of the different segregation products in each rearrangement.
Microscope analysis
ICE studies were done with the automatic Spot-Counting scan system (Spot AX software, Applied Imaging, Newcastle, UK), which stored the information about the exact localization of each scanned nucleus, as well as the number of the FISH signals (Molina et al., 2009) . This system was connected to a BX-61 epifluorescence microscope (Olympus, Barcelona, Spain), equipped with specific filters for DAPI (4 ′ ,6-Diamidino-2-Phenylindole), Aqua, FITC (Fluorescein Isothiocyanate) and Cy3 (Cytochrome 3). In the second FISH round, sperm nuclei previously classified as aneuploid or diploid were automatically relocalized in order to analyse the segregation products of the translocated chromosomes ( Fig. 2) . A segregation study was also performed in a non-selected population of spermatozoa from every reciprocal translocation carrier with the aim of defining the general segregation outcome in each rearrangement. These spermatozoa were manually analysed in a BX-60 epifluorescence microscope equipped with a multi-filter set and specific filters for FITC, Cy3 and Aqua.
All FISH evaluations were performed using strict analysis criteria described by our group (Blanco et al., 1996) concerning the intensity, size and distribution of the signals.
Number of analysed spermatozoa and statistical analysis
The number of spermatozoa analysed in each ICE study was aimed to be at least 10 000 (except P2, because of low sperm count). The evaluation of such a large number of cells permits us to distinguish among frequencies lower than 1% (obtained from the sample size calculation method for descriptive studies, Eng, 2003) , which is essential for analysing low frequency events. Concerning the segregation study in the population of nonselected spermatozoa, a total number of 500 nuclei were analysed, a sample size large enough to detect frequency variations of 4% between each segregation product.
Results were statistically analysed using Deducer v. 0.7-9 (Augsburg University, Germany) with a 95% confidence level (P , 0.05). To confirm the presence of positive ICE, the frequencies of aneuploid and diploid spermatozoa detected in each patient were statistically compared (x 2 test) with a control population of six individuals with normal karyotype and seminogram previously established in our laboratory (for more details see Sarrate et al., 2010) . The same test was used to compare diploid frequencies obtained in both parallel ICE analyses. In the segregation study, frequencies of each segregation mode reported in non-selected spermatozoa were compared with the frequencies found in spermatozoa carrying numerical abnormalities. This comparison was done at a population level using the Wilcoxon test and at an individual level using the x 2 test.
The comparison of the segregation patterns observed in each chromosomal sperm aneuploidy was performed using the Kolmogorov-Smirnov test.
Results
ICE study
The total number of spermatozoa analysed in the 18/X/Y aneuploidy/diploidy screening was 78 547 (Table II) and 77 317 for the 13/21 aneuploidy/diploidy screening (Table III) . All carriers showed at least one significant increase in chromosomal numerical abnormalities for one of the chromosomes assessed when compared with the control population (Sarrate et al., 2010) (Tables II and III) . The comparison of average diploid frequencies obtained from both ICE studies (18/X/Y versus 13/21) did not show significant differences (P ¼ 0.72).
Overall, 3133 aneuploid and diploid spermatozoa were detected: 1818 of them in the X/Y/18 ICE study (Table II) and 1315 of them in the 13/21 ICE study (Table III) . These spermatozoa were further relocalized and their segregation content was also evaluated.
Segregation study in non-selected spermatozoa
Data obtained in the segregation analyses of the non-selected spermatozoa showed a prevalent 2:2 alternate segregation in all cases (average frequency +SD of 43.8% + 6.6). The average frequencies Chromosome imbalances in sperm from reciprocal translocation carriers of the other segregation modes were distributed according to the following: 2:2 adjacent I (33.9% + 5.8), 2:2 adjacent II (10.4% + 8.0), 3:1 (9.3% + 4.4) and 4:0 (1.4% + 1.0). A small amount of sperm nuclei (1.2% + 1.1) presented combinations of signals that were either errors at meiosis II or could not be classified within any of the previous groups. These nuclei were categorized as 'other' (Table IV; Fig. 3 ).
Segregation study in aneuploid and diploid spermatozoa
The relocalization step of sperm with numerical chromosome abnormalities was achieved in 86.5% of the total aneuploid and diploid gametes detected (2714/3133).
The segregation patterns obtained in the aneuploid and diploid sperm population showed noteworthy differences when intra-individually compared with the patterns observed in the non-selected population of sperm (Table IV; Fig. 3 ). The comparison of the segregation patterns observed in each chromosomal sperm aneuploidy did not show significant differences (P . 0.47), thus indicating an equivalent contribution of each type of aneuploidy to the global altered segregation pattern. This allowed for the assemblage of all sperm aneuploidies into a single group for further analyses.
In particular, aneuploid sperm displayed significant decreases in the 2:2 alternate segregation (21.8% + 4.6) and 2:2 adjacent I segregation (20.3% + 6.1), whereas the 3:1 and 'other' segregation modes were significantly increased (28.2% + 9.3 and 7.2% + 4.7, respectively). Alternatively, 4:0 segregation (13.2% + 11.4) was significantly increased in all the individuals except P2 and P6, and 2:2 adjacent II segregation (9.3% + 9.1) did not present significant variations with the exception of P3 in which this mode was significantly decreased. By considering the population of diploid sperm, 2:2 alternate and 2:2 adjacent I segregation also presented significant decreases in all individuals (3.2% + 4.6 and 3.7% + 3.5, respectively) while 3:1, 4:0 and 'other' segregation modes were significantly increased (26.1% + 8.1, 52.6% + 19.8 and 10.7% + 6.8, respectively). Regarding 2:2 adjacent II segregation (3.7% + 2.4), results were variable depending on the patient: for the majority (P1, P2, P4, P7, P8) this mode did not present significant variations, but P3, P5 and P6 presented significant diminutions when compared with the non-selected population of sperm.
Discussion
The sequential sperm-FISH method developed in this study allowed for the evaluation of the segregation content in spermatozoa with numerical anomalies. A comparison of the segregation outcome present in these spermatozoa with those present in non-selected ones evidenced differences between them. Globally, the frequency of normal/balanced spermatozoa was much lower in the population of aneuploid and diploid sperm than that observed in the population of non-selected spermatozoa. In particular, looking into the population of aneuploid sperm, the amount of normal/balanced gametes was reduced two times and most of these gametes carried a 3:1 product. The 4:0 segregation mode and the category of 'other' also presented significant increases when compared with the non-selected population of sperm. Regarding the distinguished meiotic behaviour observed in diploid spermatozoa, the amount of normal/balanced gametes in this case was reduced 13 times. Half of the nuclei classified in this group from either the study of X/Y/18 or 13/21 presented a 4:0 segregation content. These findings are not surprising if we take into account that the combinations of signals corresponding to a 4:0 segregation mode cannot be distinguished from a global diploid content. These results would point out the fact that an important part of the 4:0 segregations observed in the reciprocal translocation carriers (1.4% as a mean) would actually correspond to diploid spermatozoa. According to our data, half of the average diploidies detected either in the 13/21 or 18/X/Y study (Tables II and III) would be diploid spermatozoa instead of haploid with a 4:0 content. This would reduce the frequency of the 4:0 segregation mode to ,1%. These data would be in agreement with the low occurrence rate of this segregation described in previous studies Anton et al., 2008) . On the other hand, and as it was already observed in the aneuploid population of sperm, diploid spermatozoa also presented significant increased taxes of 3:1 and 'other' categories when compared with the unselected spermatozoa. Most of the nuclei classified within the category 'other' resulted from the occurrence of errors at meiosis II, although a minor percentage presented nonclassifiable combinations of signals. This would suggest the existence of a translational effect between the occurrence of disturbances at meiosis I and meiosis II. In this sense, it has previously been described that an alteration in the chiasmata formation in meiosis I can produce alterations in the meiosis II disjunction (Lamb et al., 1997) . On the whole, the progression of meiosis I in reciprocal translocation carriers seems to be influenced by some specific factors that would favour the accumulation of unbalanced segregation modes (mainly 3:1, 4:0 and 'other') in the populations of numerically abnormal spermatozoa. Those particular aspects would be related to (i) the occurrence of illicit chromosomal interactions (e.g. heterosynapsis) and (ii) the efficiency level of meiotic checkpoints (e.g. the spindle assembly checkpoint, SAC). In this sense, a possible mutual distortional effect of the heterosynapsis between the quadrivalent and other bivalents, that would affect the disjunction of all these elements, is proposed as the basis for the production of sperm with an unbalanced segregation content and additional chromosome abnormalities.
Heterosynapsis and progression through the pachytene checkpoint at prophase I
The asynapsis of some chromosome regions, linked to the pairing hindrance of the quadrivalent, may negatively affect the meiotic progression by triggering the pachytene checkpoint (Roeder and Bailis, 2000; Burgoyne et al., 2009) . In reciprocal translocation carriers, synaptic adjustment of quadrivalents by means of their association to the sex vesicle or other unsynapsed autosomal bivalents has been previously observed in a high proportion of spermatocytes (Chandley et al., 1986; Gabriel-Robez et al., 1986; Johanisson et al., 1987; Yu et al., 1995; Oliver-Bonet et al., 2005; Pigozzi et al., 2005; Sciurano et al., 2007; Ferguson et al., 2008; Leng et al., 2009; Sciurano et al., 2011) . However, the heterosynapsis-mediated overcoming of this checkpoint may cause negative consequences for the subsequent chromosome segregation.
It is known that the presence of chiasmata ensures the proper orientation of homologous chromosomes on the metaphase I spindle and, thereby, promotes their correct segregation (Roeder and Bailis, 2000; Vogt et al., 2008) . In some cases, heterosynapsis may interfere with the correct establishment of chiasmata and reduce the recombination rate in the affected bivalents (Pigozzi et al., 2005; Leng et al., 2009) . Particularly, a decreased recombination rate in the XY pair has been associated with increased sex chromosome aneuploidy in spermatozoa Ma et al., 2006) , with problems in the formation of the sex vesicle or in X chromosome inactivation (Forejt et al., 1981; Morelli and Cohen, 2005; Burgoyne et al., 2009) , and with partial or total meiotic arrest (Codina-Pascual et al., 2006) . In this study, sex chromosomal aneuploidies have been detected in most of the carriers, but also other aneuploidies affecting chromosomes 13, 18 and 21. Therefore, these chromosomes also seem to be susceptible to participate in the heterosynapsis with the quadrivalent and, as a consequence, are prone to present a reduced recombination level due to an interference in the formation or distribution of chiasmata Sciurano et al., 2011) .
Another important event to take into account is that, after synapsis adjustment, chromosomes involved in heterosynapsis would cluster in a single nuclear domain (Sciurano et al., 2011) . These alterations in the spatial distribution of bivalents would affect the global nuclear architecture and would probably disturb the standard localization of the chromosomes in the spermatocyte nuclei (Wiland et al., 2008) . It has also been observed that the relative positioning of chromosomes at the spermatocyte metaphase plate is non-random (Vergés et al., unpublished results) as well as in the sperm nuclei (Manvelyan et al., 2008) . Thus, we could assume that in reciprocal translocation carriers, the relative altered spatial positioning of chromosomes participating in heterosynapsis during the pachytene stage would be maintained until metaphase I.
Efficiency level of SAC at metaphase I
The SAC is a regulatory mechanism monitoring metaphase I events and the progression to anaphase I by detecting the syntelic attachment of microtubules to the sister kinetochores and the tension generated on them (reviewed by Murray, 2011) . A proper number and localization of chiasmata is needed to achieve a correct chromosome orientation.
In translocation carriers, it is likely that an altered chiasmata distribution on the rearranged chromosomes induces the formation of aberrant spindles due to improper alignment of the quadrivalent and a probable malorientation of other neighbouring chromosomes (Eichenlaub-Ritter and Winking, 1990; Eaker et al., 2001) . These closer chromosomes could be the ones involved in the non- homologous synapsis at pachytene. In this context, inappropriate chromosome gathering at the metaphase plate could trigger the checkpoint-mediated metaphase arrest.
Overall, it seems plausible that in reciprocal translocation carriers, the formation of an abnormal spindle and the subsequent metaphase arrest would occur at a higher frequency than expected. There is supporting evidence that SAC, as any other cell cycle checkpoint, is not totally efficient in eliminating spermatocytes with chromosome alterations (Eaker et al., 2001; Khodjakov and Rieder, 2009 ). Based on these observations, it is reasonable to think that proper attachment at kinetochores or tension at chromosomes is not always strictly required for cell cycle progression. In those cells where chromosome misattachments would not be detected or a proper chromosome orientation could not be solved, they would be able to evade SAC and promote anaphase onset (Weaver and Cleveland, 2006; Silva et al., 2011) . In this case, a wrong meiotic outcome would be highly probable, including any present disjunction failure, which in reciprocal translocation carriers could involve the rearranged chromosomes and other missattached chromosomes. This situation would likely result in the formation of aneuploid spermatozoa, which will also present structural chromosome imbalances. Our results agree with the occurrence of such events as we observed that the aneuploid condition (derived from non-disjunction events) was mainly linked to unbalanced segregation outcomes resulting from non-disjunction events of the rearranged chromosomes. Moreover, this study also provides additional observations supporting the existence of a wide chromosome disjunction failure. Again, this might be related to the fact that only half of the diploid gametes detected in either the 13/ 21 or 18/X/Y study (Tables II and III) corresponded to a 4:0 segregation mode. The half remaining would in fact correspond to spermatozoa presenting other segregation outcomes which would discard a global diploid content. Instead they correspond to carriers of at least a double disomy for the chromosomes analysed. This combined presence of several aneuploidies in the same sperm nucleus would be in agreement with the above-commented occurrence of a wide general failure in meiosis I.
Regarding the formation of diploid spermatozoa, it needs to be considered a scarcely understood process that takes place when a cell exits meiosis without undergoing cytokinesis as another possible outcome of the prolonged metaphase arrest. Egozcue et al. (2000) proposed its occurrence in order to explain why diploid spermatozoa are such a frequently common feature found in infertile males. In addition, Weaver and Cleveland (2006) related this mechanism to the aneuploidy generation in cells with aberrant spindles.
As far as we know, this is the first study performed in spermatozoa where the segregation outcome of a rearrangement is evaluated in relation to the presence of other chromosomal abnormalities. At the embryonic level, two PGD-cycle series on reciprocal translocation carriers have been published (Gianaroli et al., 2002; Pujol et al., 2006) . Considering embryos reported as carriers of numerical abnormalities for chromosomes not involved in the translocation, only 25% (3/12; Gianaroli et al., 2002) and 13.1% (10/76; Pujol et al., 2006) of them showed a balanced segregation of rearranged chromosomes. These findings support our results of 13.0% of aneuploid spermatozoa with the normal/balanced segregation content.
In conclusion, our findings show that in reciprocal translocation carriers, the great majority of spermatozoa with numerical imbalances also display an unbalanced segregation content of the rearranged chromosomes. We suggest that the accumulation of chromosomal abnormalities in a given nucleus is consistent with the occurrence of heterosynapsis at the pachytene stage, impairing the succeeding meiotic events such as an evasion from the SAC response and the consequent missegregation of chromosomes. The data can be used towards a better understanding of the key meiotic events leading to the formation of chromosomal imbalances in gametes from reciprocal translocation carriers. More studies in this field would be useful to shed more light on how structural chromosome rearrangements behave through the meiotic process and would help to provide a better reproductive genetic risk assessment in these patients.
